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The D-type cyclin-dependent kisases CDK4 and CDK6 aie complexed Mrith many small cellular proteins (pl4, 
pl5, pl6, pl8, and p20]. We have isolated cDNA sequences coitesponding to the MTS2 genomic fragment that 
encodes the CDK4- and CDK6-assDciated pl4 protein. By use of a yeast interaction screen to search for 
CDK6-inteTacting proteins, we have also identified an 18-kD human protein, pl8, that is a homolog of the 
cyclm D-CDK4 mhibitors pl6 {INK4A/MTS1) and pl4 {MTS2/INK4B). Both in vivo and in vitro, pl8 
interacts strongly with CDK6, weakly with CDK4, and exhibits no detectable interaction with the other 
known CDKs. Recombinant pl8 inhibits the kinase activity of cydm D-CDK6. Distinct from the pZl/p27 
family of CX>K inhibitors that form ternary complexes with cyclin-CDKs, only binary complexes of pl4, pl6, 
and pl8 were found m association with CDK4 and/or CDK6. Ectopic expression of pl8 or pl6 suppresses cell 
growth with a correlated dependence on endogenous wild-type pRb. 
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Progression of eukaryotic cells through the cell cycle is 
regulated by the sequential formation, activation, and 
subsequent inactivation of a series of structiurally related 
serine/threonine protein kinases. These enzymes con- 
sist of a catalytic subunit, a cyclin-dependent kinase 
(CDK), and a regulatory subunit, a cyclin (Draetta 1990; 
Sherr 1993). In unicellular yeast, a single prototypic CDK 
gene, cdc2 in the fission yeast Scbizosacchaiomyces 
pombe or CDC28 in the budding yeast Saccharomyces 
ceievisiae, controls both the Gi/S(Start| and G^/M tran- 
sitions in conjunction with the various types of cyclins. 
In humans and other higher eukaryotes, however, CDKs 
constitute a multigene family. In general, each of these 
CDKs can form binary complexes with several different 
cyclins, and vice versa, although often with a predomi- 
nant association between a particular CDK and cyclin 
(for review, see Sherr 1993). 

The enzymatic activity of a CDK is regulated at three 
different levels: cyclin binding and activation, subunit 
phosphorylation, and association with and inhibition by 
a group of heterologous small regulatory proteins. In 
mammalian cells, the number of small cell-cycle regu- 
latory proteins identified by virtue of their abUity to in- 

'Conesponding author. 



teract physically with cycUn or CDK proteins is rapidly 
increasing. A 21-kD protein, p21, first identified in anti- 
cyclin Dl immimoprecipitates of human diploid fibro- 
blasts as a component of quaternary cyclin-D complexes 
that also contain CDKs and proliferating cell nuclear an- 
tigen (PCNA; Xiong et al., 1992), was recently identified 
as a potent inhibitor of all known cyclin-CDK enzymes 
(Gu et al. 1993; Harper et al. 1993; Xiong et al. 1993a) 
and as a target of p53 transcriptional activation (El-Deiry 
et al. 1993; Xiong et al. 1993a; Duhc et al. 1994). A p21- 
related CDK inhibitor, p27'"''\ was found to bind to and 
inhibit the activity of various cyclin-CDK enzymes and 
was suggested to function as a potential mediator of Gj 
cell-cycle arrest caused by TGF-p treatment or cell-cell 
contact inhibition (Firpo et al. 1994; Meyerson and Har- 
low 1994; Polyak et al. 1994a; Slingerland et al. 1994; 
Toyoshima and Hunter 1994). On further examination of 
cyclin-CDK complexes in normal and virally trans- 
formed cells, two more small cyclin-CDK-associated 
proteins were identified: pl6, a protein that is stimulated 
to specifically complex with CDK4 in cells lacking pRB 
function, and pi 9, a protein present in cyclin- A com- 
plexes (Xiong et al. 1993b). The molecular identity of pl9 
is still under investigation. pl6 was subsequently iso- 
lated by yeast two-hybrid screening and was shown to 
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form specific binary complexes with CDK4 and CDK6 
and inhibit the kinase activity of D-type cyclin-depen- 
dent CDK4 [pU"^'^"; Serrano et al. 1993). pl6 was re- 
cently fomid to be homozygously deleted at a high fre- 
quency in a wide variety of himian tumor-derived cell 
lines [MTS1/CDK4I! Kamb et al. 1994a; Nobori et al. 
1994) and is also mutated or deleted in several specific 
types of primary tumors (Caldas et al. 1994; Hussussian 
et al. 1994, Kamb et al. 1994b; Mori et al. 1994; Spruck 
et al. 1994). The extent to which pl6 is involved in tu- 
morigenesis is currently under intensive investigation. 

The major, if not the only, targets of the inhibitory 
activity of pl6 are CDK4 and CDK6 (Serrano et al. 1993; 
Xiong et al. 1993b). Their preferential association with 
D-type cyclins, their substrate preference, and the tim- 
ing of the onset of their kinase activity strongly impli- 
cate both CDK4 and CDK6 as physiological kinases for 
the retinoblastoma susceptibiUty gene product pRB 
(Dowdy et al. 1993; Ewen et al. 1993; Kato et al. 1993; 
Matsushime et al. 1994; Meyerson and Harlow 1994), 
whose growth-inhibitory activities are known to be 
down-regulated by cell cycle-dependent phosphorylation 
[for review, see Ewen 1994). Elucidation of the mecha- 
nism by which the activities of CDK4 and CDK6 are 
regulated should facilitate our imderstanding of both 
cell-cycle control and tumor suppression. Toward this 
goal, we have further characterized cellular proteins that 
interact with CDK4 and CDK6. 



Results 

CDK4 and CDK6 associate with many small ceUular 
proteins 

By use of the ^*S-metabolic labeling-immunoprecipita- 
tion (p*Sl-IP) technique, coupled with antigen competi- 
tion, we have previously identified, mainly in human 
fibroblasts, a number of cellular proteins that are specif- 
ically associated with cyclins, CDKs, and their com- 
plexes. These include PCNA, the p53-activated cyclin- 
CDK inhibitor p21, the CDK4-specific inhibitor pl6, and 
an as-yet-uncharacterized cyclin A-associated polypep- 
tide, pl9 (Xiong et al. 1992, 1993b). As many cycUn and 
CDK genes, particularly D-type cyclins, are expressed in 
a tissue- and cell type-specific maimer (e.g., Inaba et al. 
1992; Meyerson et al. 1992; Won et al. 1992; Tarn et al. 
1994), we reasoned that additional cyclin- or CDK-asso- 
ciated proteins may exist and fimction in other tissues or 
cell types. Following this reasoning, the p*Sl-IP tech- 
nique was then employed to search for proteins that as- 
sociate with CDK4 and its closest relative, CDK6, which 
shares 71% sequence identity. 

P^SjMethionine-labeled lysates were prepared from a 
wide variety of human cell lines derived from different 
tissues and immunoprecipitated with antibodies specific 
to CDK4 and CDK6. In addition to the previously iden- 
tified p21 and pl6, this study revealed at least four other 
small cellular proteins that appear to associate with 
CDK4 and/or CDK6 in a specific marmer. They include 
pl4 and pi 5 (present in a cell line of spontaneously im- 



mortalized human keratinocytes), HaCaT (Fig. lA; 
Boukamp et al. 1988), and p20 and pi 8 [present in an 
acute lymphoblastic leukemia cell line, CEM (Fig. IB)]. 
Each of these proteins represents a distinct polypeptide, 
as determined by their different gel mobilities, partial V8 
proteolysis patterns, and antigenicities (see below). The 
presence of each of these proteins in anti-CDK4 and/ or 
anti-CDK6 immunocomplexes was effectively competed 
by the preincubation of each antibody with a competing 
antigen peptide (Fig. lA, lanes 2,4; Fig. IB, lane 6), sug- 
gesting their specific associations. Distinct from pl6, 
which exhibits a similar affinity for both CDK4 and 
CDK6, pl8 and p20 appear to preferentially associate 
with CDK6 (Fig. IB, lane 5). These results indicate that a 
potentially large number of small cyclin- and/or CDK- 
associated proteins are present in cells that have not yet 
been identified. Experiments described below report the 
isolation and characterization of cDNAs encoding for 
two of these proteins, pl4 and pl8. To avoid adding fur- 
ther confusion to the nomenclature for the CDK inhib- 
itors, we tentatively refer to these genes by the size of 
their encoded proteins. 

MTS2 encodes a functional gene corresponding to pl4 
A genomic fragment located 10 kb upstream the pl6 lo- 
cus that contains 93% DNA sequence identity to exon 2 
of the pi 6 gene {MTS2] was identified previously in a 
search for candidate tumor suppressor genes involved in 
melanoma (Kamb et al. 1994a). It was not clear, however, 
whether this genomic fragment corresponded to a 
pseudogene of pi 6 or encoded a fimctional gene distinct 
from pi 6. Oligonucleotide primers specific to MTS2 
were used to amplify cDNA templates prepared from a 
human HeLa cDNA library. A specific DNA fragment 
was amplified and used as probe to screen the same HeLa 
hbrary for full-length MTS2 cDNA clones. Of five X 
cDNA clones isolated, the longest one, H2, was analyzed 
further by DNA sequencing (Fig. 2A). Comparison with 
the previously reported MTS2 genomic sequence (Kamb 
et al. 1994a) indicates that cDNA clone H2 corresponds 
to MTS2. Conceptual translation of this clone revealed a 
138-amino-acid open reading frame starting from nucle- 
otide 322. There are neither methionine nor in-frame 
stop codons 5' of the putative initiating methionine. The 
predicted molecular mass of this protein is 14613 daltons 
(14.6 kD, pI4) and it contains 82% protein sequence 
identity to pie"^'^" in the aligned region (Fig. 2C; Serrano 
et al. 1993). The sequence similarity between MTS2 and 
pi 6 is higher in exon 2 than in exon 1. In vitro-translated 
MTS2 comigrates with the CDK4- and CDK6-associated 
pl4 seen in HaCat cells (Fig. 1 A) and, Uke pI4, also cross- 
reacts with anti-pl6 antibody (data not shown). These 
results demonstrate that MTS2 encodes a functional 
gene that corresponds to the CDK4- and CDK6-associ- 
ated pl4. pl4/MTS2 has a DNA sequence that is almost 
identical to plS"*"^''*, which was reported by Hannon 
and Beach (1994) after the initial submission of this pa- 
per. There are, however, quite a few differences between 
the two sequences in both the untranslated region [Fig. 
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Figure 1. CDK4 and CDK6 associate with 
many small cellular proteins. l^^S]Methio- 
nine-labeled lysates were prepared from a 
cell line of spontaneously immortalized 
human keratinocytes, HaCaT \A], and an 
acute lymphoblastic leukemia cell line, 
CEM (B|. Lysates were ioununoprecipi- 
tated with indicated antibody with or 
without preincubation with a competing 
antigen peptide as indicated at the top of 
each lane. The immunoprecipitated poly- 
peptides were analyzed in each case by 
SDS-PAGE. The mobility of protein mo- 
lecular weight standards (GIBCO BRL] and 
relevant proteins ai 



2A, nucleotide positions 10, 52, 146, and 173) and in the 
coding sequence (Fig. 2A, nucleotide positions 379-387 
and 417-423). Diifferences at nucleotide positions 379- 
387 (AGCGCCGCG in pl4 and ACGCCG in INK4B) 
result in a change in the amino acid sequence from Ser- 
Ala-Ala in pl4 and to Thr-Pro in INK4B, and differences 
at nucleotide positions 417-423 result in changes of the 
amino acid sequence from Asn-Leu-Leu in pl4 to His- 
Ser-Trp in INK4B. We do not know whether these differ- 
ences are derived from there being two distinct genes, 
from a cloning or sequencing artifact, or whether the 
discrepancy might have arisen from gene mutations. In 
these discrepant areas, the pl4 cDNA sequence as pre- 
sented in Figure 2A is identical to the genomic sequence 
determined from a clone isolated from a human placenta 
genomic library (Y. Xiong, unpubl). plS"^"^"^ is stimu- 
lated by TGF-p treatment, suggesting that pM/^lS"^'^"^ 
may function as potential effector of TGF-p-induced 
cell-cycle anest (Harmon and Beach 1994). 

Cloning o/pl8 

To identify other proteins that interact with CDK6, we 
employed the yeast two-hybrid screening system origi- 
naliy described by Fields and his colleagues (Baitel et al. 
1993). The entire open reading frame of human CDK6 
(Meyerson et al. 1992) was fused to the Gal4 DNA-bind- 
ing domain. This vector directs the expression of a fusion 
between the DNA-binding domain (amino acids 1-147) 
of Gal4 and the entire CDK6 protein and was cotrans- 
formed into yeast cells with a human HeLa cDNA li- 



brary constructed in the vector pGADGH (see Materials 
and methods). Of an estimated 5x 10* transformants 
screened, 42 colonies were His* and positive for p-ga- 
lactosidase staining. Plasmid DNA was recovered from 
positive colonies and analyzed by sequencing. The ma- 
jority of the 42 clones corresponded to the previously 
reported pl6"^'^'' (Serrano et al. 1993). One clone, 6H10, 
was foimd to contain sequences that are distantly related 
to plS"^"^" and MTS2. The cDNA insert from this clone 
was used as probe to screen a human HeLa cDNA library 
to obtain full-length sequences. 

One of the longest \ clones, H18, was sequenced and 
found to contain an apparent full-length coding region, 
as there is an in-frame stop codon located 6 bp upstream 
of the putative ATG initiation codon (Fig. 2B). Concep- 
tual translation of this clone revealed an open reading 
frame with 168 amino acid residues starting at nucle- 
otide 94. The predicted molecular mass of this protein is 
18116 daltons (18 ka, pl8), and it contains 38% protein 
sequence identity to pl6 (INK4/MTS1) over a 150- 
amino-acid region and 42% identity to pl4 (MTS2/ 
INK4B) over a 129-amino-acid region (Fig. 2C). The se- 
quence similarities between pl8 and pl6 and between 
pl8 and pl4 are higher across the amino-terminal two- 
thirds of the proteins than in the carboxy-terminal re- 
gions. 

Further analysis of the pl8 sequence revealed a region 
spanning 105 residues of the carboxy-terminal two- 
thirds of pl8 with significant protein sequence similarity 
(32% identity over a 107-amino-acid region] to a higihly 
conserved domain in the members of the Notch family, 
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Figure 2. pl8 and pl4 are lelated to pl6 
and Notch. [A] Nucleotide and amino acid 
sequences of human pl4. Numbers foi 
both nucleotides and amino acids are 
given, and the stop codon is indicated by 
an .asterisk (*). (B) Nucleotide and amino 
acid sequences of human pl8. Numbers 
for both nucleotides and amino acids are 
given, and the stop codon is indicated by 
an asterisk. (C) Sequence comparison of 
pl4, pl6, and pl8. The entire coding re- 
gions of pl8 (168 residues), pl4 (138 resi- 
dues), and pl6 (148 residues) were aligned, 
and only identical amino acid residues be- 
tween die three sequences are indicated. 
Two single-residue gaps were introduced 
as represented by hyphens. (O) pl8 is re- 
lated to Notch proteins. Shown is a com- 
parson of 105 amino acid residues of the 
pl8 sequence with four members of the 
Notch gene family. Only residues that are 
identical to all five sequences are in bold- 
face type. Two single-residue gaps, repre- 
sented by hyphens, were introduced in the 
pl8 sequence. The number preceding each 
sequence indicates the position of the first 
amino acid residue in each gene. [TANl- 
Hs) The translocation-associated Notch 
homolog of humans (Ellisen et al. 1991); 
(X(Jf6&-Xlf-a' Xenopus homolog of the 
Drosophila Notch gene (Coffman et al. 
1990); [Notch-Bi] a zebrafish homolog of 
the Diosophila Notch gene (Bierkamp and 
Campos-Ortega 1993); (Notcii-Dm) the 
Diosophila Notch gene (Wharton et al. 
1985). 



rOMTTTCGAJffilMCTCCreTGCAGOTTATCAAACTTGGAAATCCCGAGATTGCCACKaGACTKTACT 2; 



pl8 60 GANP-DLKDRTGFAVIHDXARAGFLDTLQTLLEFQ&DVNIEDNEGNLPLHL 

TAN 1-Hs 1918 caSLHNQTDRTGETALHLAARYSRSnAAKRLLEASADANIQDliMGRTPI.HA 

Xotch-Xl 1913 <!*QLHNQTDRTGETALHIJUlRYARADAAKRLLESSADAHVQDimGRTPLHA 

Notch- Br 1905 GANLHNQTDRTGETALHLAARYARSDAAKRLLESCADANVQDHMGRTPLHA 

Notch-Dm 1940 GAELNATMDKTGETSLHLAARFARADAAKRLFHAGMAHCQDNTCRTPLHA 

pl8 AAKEGHLRWEFLVKHTASNVGHRNHKGDTACDIA-RLYGRNEWSLMQANGAGGA 

TAN 1-Hs AVSADAQGVFQILIRNRATDLDAHMHDGTTPLIIAAHIAVEGMLEDLINSHADVNA 

Xotch-Xl AVAADAeGVFQILIRNRATDIiDA»MFDOT!rPLIIAAKIAVEGMVEEI.INAHADVNA 

Notch-Bz AVAADAQGVFQILIRNRATDLDAHMHDGTTPLIIATRIAVEGMVEELINCHADPNA 

Notch-Dm AVAADAMGVFQII.LRNRATNLNARMHDGTTPLILAARIAIEGMVEDLITADADI11A 



which function in the developmental determination of 
embryonic cell fates (Fig. 2D; for review, see Greenwald 
and Rubin 1992). pl8 exhibited greater sequence identity 
to the human Notch homolog, TANl (37%). Within this 
region, the shorter carboxy-teiminal ends of pl6 (91 
amino acids) and pl4 (70 amino acid] also share consid- 
erably lower, but potentially significant, sequence simi- 
larities to the Notch genes (21% and 24% identity to 
TANl, respectively). This region in pl8, pl6, and pl4 
and members of the Notch family of proteins shows a 



limited sequence similarity to the previously identified 
cdclO/SWI6 ankyrin repeat (Breeden nd Nasmyth 1987; 
Andrews and Herskowitz 1989; Elhsen et al. 1991; Ser- 
rano et al. 1993). Furthermore, the amino-terminal re- 
gion of pl8 (residues 60-123) also contains significant 
sequence similarity (47%) to a yeast phosphate-regulated 
PHO80-PHO85 CDK inhibitor PH08 [residues 561-646 
(Coche et al. 1990, Schneider et al. 1994)]. As this region 
of pl8 shows considerably higher similarity to the mem- 
bers of the Notch family than to any other ankyrin re- 
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peat-containing proteins, it is not clear whether this re- 
gion in pl8 and Notch represents a distinct subset of 
ankyrin sequences or defines an as-yet-uncharacterized 
functional relationship shared by pi 8 and Notch. 

pl8 specifically inteiacts with CDK6 and CDK4 

We assessed the specificity of the interaction of plB with 
known CDKs in two ways. First, yeast cells were 
cotransformed with a plasmid encoding a Gal4 activa- 
tion domain-pl8 fusion protein (GaI4'"'-pl8) and a plas- 
mid encoding a Gal4-DNA-binding domain-CDK fusion 
(Gal4''"^-CDK). Transformed cells were streaked on 
plates with or without histidine. The Gal4*''-pl8 
strongly interacted with the Gal4"-CDK6 fusion and 
very weakly with Gal4"-CDK4 but not with Gal4'^- 
CDK3 nor with Gal4'^-CDK2 (Fig. 3A). Second, the 
specificity of this interaction was studied in a cell-free 
system. A fusion protein consisting of glutathione 
S-transferase and pl8 (GST-pl8) was expressed in bacte- 
ria and purified GST-pl8 was mixed with equivalent 
amounts of the known CDK proteins that had been in 
vitro translated with [^*S]methionine labeling. The 
GST-plB fusion was recovered from the different mix- 
tures on glutathione-agarose beads, and proteins bound 
to GST-pl8 were resolved by SDS-PAGE. Consistently, 
GST-pl8 bound strongly to CDK6, weakly to CDK4, and 
did not bind to any other CDKs (Fig. 3B). 



In vivo 



of pis vfitb CDK6 and CDK4 



To study the interaction of pl8 with other cellular pro- 
teins in vivo, rabbit antiseia were raised against the en- 



tire pl8 protein (see Materials and methods). This anti- 
body reacts strongly with human pi 8 protein as tested by 
immunoblotting with purified p 1 8 protein and by immu- 
noprecipitation with in vitro-translated pl8 protein. The 
antibody also cross-reacts very weakly with human pl6 
protein in immunoprecipitation but not with any of the 
CDKs that we have tested (data not shown for CDC2- 
CDK5). An acute lymphoblastic leukemia cell line, 
CEM, was chosen for the analysis of pi 8 protein inter- 
action in vivo because it has a homozygous deletion of 
the pi 6 locus and expresses pl8 mRNA at a high Ipvel 
[data not shown). [^*S]Methiomne-labeled lysates were 
prepared from CEM cells and immunoprecipitated with 
the anti-pl8 antibody in parallel with antibodies specific 
to CDK4 and CDK6 (Fig. IB). The anti-plB antibody pre- 
cipitated several cellular proteins that were not seen in 
the corresponding precipitation with preimmune serum 
from the rabbit used to generate the anti-pl8 antibody. 
An 18-kD protein that comigrated with in vitro-trans- 
lated pl8 protein (data not shown) was later confirmed as 
pi 8 by immunoblotting (Fig. 4A). The anti-pl8 antibody 
also coprecipitated two polypeptides that correspond to 
CDK4 and CDK6, respectively, as determined by gel mo- 
bihty (Fig. IB) and immunoblotting (Fig. 4A). Recipro- 
cally, anti-CDK6 antibody coprecipitates an 18-kD pro- 
tein with CDK6, which comigrates with the 18-kD pro- 
tein present in the anti-pl8 immunocomplex and is 
effectively competed by the preincubation of the anti- 
body with an antigen peptide (Fig. IB, lanes 5, 6). 

In addition to the 18-kD band, both anti-pl8 and anti- 
CDK6 antisera precipitate a 20-kD polypeptide (p20. Fig. 
IB). Partial V8 peptide mapping of p20 gave rise to a 
different pattern from both plS and pl6 (data not shovm). 




Figure 3. Interaction of plS with CDKs. 
{A) Yeast cells were simultaneously trans- 
formed with a plasmid expressing a 
Gal4'"'-pl8 fusion and with plasmids ex- 
pressing GaW"' fused to the indicated 
CDKs. Cells were streaked on nonselec- 
tive medium with histidine (SC-L W) and 
selective medium without histidine /with 
40 mM 3-amino-l, 2, 3-triazoIe (SC-H, 
L,W + AT). Staining of LacZ expression is 
shown at bottom right. \B] Equal amounts 
of purified GST or GST-pl 8 hision protein 
were incubated with equal amounts of 
each of the six (^^Sjmethionine-Iabeled, in 
vitro-translated CDK proteins and recov- 
ered from the different mixtures on gluta- 
tiiione-agarose beads. Proteins bound to 
GST or GST-pl8 were resolved by SDS- 
PAGE. 
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Figiue 4. In vivo association of pl8 with CDK4 and CDK6. [A\ Coupled immunoprecipitation and immunoblotting. CEM cell lysates 
ited with antibodies as indicated. The immunoprecipiutes were subjected to SDS-PAGE and immunoblotted 



;s as indicated at the top. (B) Comparison of V8 proteolysis patterns of immunopiecipitated (lanes 1-3) and 
n vitio-translated CDK6 (lanes 4-6], pl8 co-immunoprecipitated by anti-CDK6 antibody (lanes 7-9] and in vitro-tianslated pl8 (lanes 



This band was effectively competed by a CDK6 antigen 
peptide in anti-CDK6 immunoprecipitates and was not 
seen in immunoprecipitation with pieimmune senun, 
suggesting that it may represent a pl8-related, CDK6- 
associated protein. 

Coupled immimoprecipitation-Westem blotting ex- 
periments were carried out to study the interaction of 
pis with known CDK proteins. CEM cell lysates were 
immimoprecipitated with the anti-pl8 antibody, as well 
as with a battery of antibodies specific to four different 
CDKs, and were probed in Westem blotting with either 
anti-CDK or anti-pl8 antibodies (Fig. 4A). Consistent 
with the results obtained from coupled pSl-IP experi- 
ments |Fig. IB), the anti-pl8 antibody quantitatively pre- 
dpiuted pl8 (Fig. 4A, lane 18) and also precipitated 
CDK6 (lane 10), and precipitated CDK4 more weakly 
(lane 9) but not CDC2 or CDK2. Reciprocally, anti- 



CDK6 antibody also immunoprecipitated pl8 that was 
effectively competed by the antigen peptide (lanes 1 6 and 
17). Failure to detect pl8 in anti-CDK4 precipitates (lane 
15) perhaps reflects the weak interaction between the 
two proteins and the low abundance of CDK4 in CEM 
cells. 

Finally, to confirm the identity of the 18-kD band 
present in the anti-CDK6 immunoprecipitate as well as 
CDK6 itself, both bands were excised from an SDS-poIy- 
acrylamide gel, partially digested with V8 protease, elec- 
trophoretically separated, and compared with similarly 
V8-digested in vitro-translated pl8 and CDK6 (Fig. 4B). 
The proteolysis pattern of the 18-kD protein derived 
from anti-CDK6 immunoprecipitation is identical to 
that of in vitro-translated pl8 (note the two doublets in 
Fig. 4B, lanes 9,12). The pl8 pattern is different from that 
of CDK6 (Fig. 4B) and from those of pl4, pl5, and pl6 
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precipitated by the same anti-CDK6 antibody in HaCaT 
cells (data not shown), confirming that the 18-kD band 
precipitated by the anti-CDK6 antibody in CEM cells 
corresponds to pi 8. Interestingly, preferential expression 
of pis was observed in a variety of hematopoietic cells 
(data not shown) which, together with its strong inter- 
action with CDK6, correlates with the previously de- 
scribed preferential expression of CDK6 protein in these 
cells (Meyerson and Harlow 1994; Tarn et al. 1994). 

pi 8 inhibits CDK6 kinase activity 
To test directly whether pl8 inhibits the kinase activity 
of CDK6 with which it interacts strongly both in vitro 
and in vivo, we assayed for its inhibition of cyclin D2 
and CDK6 expressed in insect Sf9 cells. Human pl8 pro- 
tein was expressed in bacteria and purified to near ho- 
mogeneity. Increasing amounts of purified pl8 protein 
were incubated with equal amounts of Sf9 cell lysates 
prepared from insect cells infected with baculoviruses 
expressing both CDK6 and cyclin D2. pl8 inhibits cyclin 
D2^CDK6 activity in a dose-dependent manner (Fig. 5A) 
but had no effect on the kinase activity of CDK2 (Fig. 
5B), CDC2, and cyclin A enzymes (date not shown). We 
have not tested the inhibitory activity of pl8 on CDK4. 
Given its weak interaction, we predict that plS will also 
inhibit the activity of CDK4 but with less potency. 

Expzession o/pl8 mRNA 

Northern blot analysis was carried out to determine the 
expression of pi 8 mRNA in different human tissues. 
These analyses were perfonned under higjh-stringency 
conditions for hybridization with the pl8 cDNA probe, 
and they revealed several discrete bands (Fig. 6). The rel- 
ative intensity of these bands appears to vary in different 
tissues (e.g., cf. lanes 2, 6, and 8). At least two of these 
bands may result from different transcription initiations, 
because we have isolated from a cDNA library two 
classes of pl8 cDNA clones that differ in their 5' ends. 
Sequence analysis revealed a class of two cDNA clones 
with an extension of -500 nucleotides 5' to the pl8 se- 
quence presented in Figure 2B, but it does not alter the 
coding capacity of pi 8 (data not shown). Nevertheless, 
we cannot exclude the possibility that one of these dis- 
crete bands on the Northern blot may correspond to a 
yet-vmidentified gene related to pl8. Whether the differ- 
ential transcription initiation of pi 8 may play a role in 
the regulation of p28 function in vivo is not clear. 

The level of pi 8 mRNA varies dramatically between 
different human tissues (Fig. 6). The highest level was 
observed in human skeletal muscle, and moderate levels 
were present in pancreas and heart. At the other end of 
the spectrum, pl8 mRNA was almost undetectable in 
placenta. Consistently, a drastic variation in the level of 
p28 mRNA was also seen in different cell types (Y. Li and 
Y. Xiong, impubl.). These results demonstrate a very dif- 
ferent expression pattern for pl8 mRNA than for two 
other cyclin-CDK kinase inhibitors, p27 and p21, that 
appear to be expressed in most human tissues at a sim- 
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Figure 5. pl8 inhibits the activity of cyclin D2-CDK6 kinase. 
[A] Increasing amounts (in nanograms) of purified plS protein 
were added to a 25-n.l kinase reaction containing the same 
amount of lysate derived from Sf9 insect cells that had been 
infected with baculovirus-expressing cyclin D2 and CDK6 pro- 
teins as indicated. Phosphorylation of GST-Rb-carboxy-tenni- 
nal fusion protein was analyzed by SDS-PAGE followed by au- 
toradiography. (B) Increasing amounts |in nanograms) of puri- 
fied pl8 or p21 protein were added to the same amount of CEM 
cell lysate prior to inimunoprecipitation by an anti-CDK2 anti- 
body. Inmiunoprecipitated CDK2 kinase activity was assayed 
with the same GST-Rb-carboxy-terminal fusion protein as sub- 
strate, and phosphorylation of the GST-Rb-carboxy-terminal 
was analyzed by SDS-PAGE followed by autoradiography. (Lane 
2) Immtmoprecipitation with anti-CDK2 antibody that has been 
preincubated with an excess amount of a competing COK2 pep- 
tide antigen. 



ilar level (Fig. 6; Polyak et al. 1994b) indicating a tissue- 
specific regulation of pi 8 gene expression and the possi- 
ble involvement of pl8 function in cellular differentia- 
tion and development. 

Cbiomosomal localization and genomic stmcttae of 
pl8 

Using the cDNA fragments as probes, we have isolated 
genomic fragments containing pi 4, pl6, and pJ8 from a 
human placenta library and have partially determined 
their genomic structure. DNA sequencing and compari- 
son with cDNA sequences revealed that the coding re- 
gions of all three genes were interrupted by an intron at 
the same position, corresponding to nucleotide position 
477 in pJ4 (Fig. 2A), nucleotide 144 in pI6 (Serrano et al. 
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Figuie 6. Expiession of pl8 mRNA. Expression of pl8 mRNA 
in different human tissues. Poly(A)"^ RNAs (2 |ig) from eight 
different human tissues, as indicated at the top, were hybridized 
with a 1.6-kb probe derived from pl8 cDNA. Five discrete bands 
were detected by this probe and are indicated by arrows. 



1993) , and nucleotide 222 in pl8 (Fig. 2B). These results 
demonstrate that pl8, pi 6 \INK4/MTS1), and pl4 
[MTS2/INk4B) have evolved from a common ancestor; 
thus, they constitute a family of evolutionarily related 
genes. 

To determine the chromosomal location of pl8, we 
used fluorescence in situ hybridization (FISH). The au- 
thenticity of the probe used in the hybridization was 
verified by DNA sequencing (Fig. 7D). Digital imaging 
microscopy revealed exclusive hybridization to human 
chromosome lp32 (Fig. 7A-C). Abnormalities in the di- 
stal arm of chromosome 1 (lp32-pter), and in lp32 spe- 
cifically, have been reported in a variety of human tu- 
mors, including breast cancer (Hainsworth et al. 1991; 
Bieche et al. 1994), pancreatic cancer (Bardi et al. 1993), 
melanoma (Bale et al. 1989; Sokova et al. 1992), leiomyo- 
sarcoma (Sreekantaiah et al. 1993), and neuroblastoma 
(Schleiermacher et al. 1994). The biochemical and bio- 
logical properties of pl8, inhibition of CDK activity, and 
suppression of cell growth (see below), both suggest a 
potential tumor suppression function for p 18. Consider- 
ing the recent discoveries that pi 6, a homolog of pl8, is 
ddeted or mutated at a high frequency in a wide variety 
of human tumor-derived cell lines (Kamb et al. 1994a; 
Nobori et al. 1994) and also in several specific types of 
primary tumors (Caldas et al. 1994; Hussussian et al. 
1994; Kamb et al. 1994b} Mori et al. 1994; Spruck et al. 

1994) , this possibility is clearly worth exploration. 

CeiU-growth suppression by pl8 
Hie biochemical analysis of pl8 has demonstrated that 
it acts as an inhibitor of CDK6 (most likely CDK4 as 
well). As such, one would predict that overexpression of 



pi 8 in vivo may inhibit cell proliferation and growth — 
a property that has been shown previously for two other 
cyclin-CDK inhibitors, p21 (El-Deiry et al. 1993; Harper 
et al. 1993; Xiong et al. 1993a; Noda et al. 1994) and p27 
(Toyoshima and Hunter 1994; Polyak et al. 1994b). We 
employed a colony formation assay to directly test this 
prediction (Zhu et al. 1993). The full-length coding re- 
gion of pl8 was placed imder the control of a strong 
promoter of cytomegalovirus (CMV) that also carries a 
neomycin-resistance (neo) gene, and the resultant plas- 
mid, pCMV-pl8, was transfected into human U-2 OS 
osteosarcoma cells. The biological effect of ectopic ex- 
pression of pis was measured by the scoring of the num- 
ber of G418-resistant colonies 3 weeks after the trans- 
fected cells were cultured in a medium supplemented 
with G418 and by comparison with the number of G418- 
resistant colonies obtained from a parallel transfection 
with the parental vector plasmid pcDNA3 or a plasmid 
expressing antisense pl8 (pCMV-pl8AS; see Materials 
and methods). Introduction of full-length pi 8 into U-2 
OS cells significantly reduced their ability to grow as 
G418-resistant colonies (Table 1). Essentially the same 
result was obtained for p26 (Table 1). These results pro- 
vide evidence to support a fimction of p28 (and p26) in 
negative regulation of cell growth, a notion that is con- 
sistent with its biochemical property of inhibiting the 
activity of cyclin-dependent kinases. 

The function of pRb is known to be down-regulated by 
cell cycle-dependent phosphorylation and D-type cyclins 
and their associated kinases, primarily CDK4 and CDK6, 
have been strongly implicated as physiological pRb ki- 
nases. The substrate specificity of CDK4 and CDK6 ki- 
nases and the specific interaction of pl8 with CDK6 and 
CDK4 provoked us to test whether cell-growth suppres- 
sion by pi 8 is dependent on the existence of endogenous 
pRb. To test this possibility, another line of human os- 
teosarcoma cells, Saos-2, was transfected with each of 
the four plasmid DNAs in parallel with the U-2 OS cells 
as described above. U-2 OS and Saos-2 cells express a 
similar level of CDK4 and CDK6 proteins as determined 
by immimoprecipitation (data not shown). Saos-2 cells 
express no endogenous wild-type pRb because of a dele- 
tion in exons 21-27 of the RBI gene (Shew et al. 1990; 
our confirmatory results). Strikingly, expression of the 
same pCMV-pl8 and pCMV-pl6 DNA that inhibited 
growth of U-2 OS cells had no apparent effect on the 
growth of Saos-2 cells, as measured by the scoring of the 
number of G418-resistant colonies and by comparison 
with parallel transfections with the vector pcDNA3 plas- 
mid or plasmids expressing antisense pi 8 and antisense 
pl6 (pCMV-plSAS and pCMV-pl6AS), respectively. 
High-level expression of pl6 and pi 8 proteins and in- 
creased association with CDK4 and CDK6 in these sta- 
ble transformants were verified by immunoprecipita- 
tions (data not shovm). These results are in contrast to 
the previously reeorted growth suppression by p21 and 
p27, which inhibited the growth of Saos-2 as well as that 
of a number of additional tumor cell lines (El-Deiry et al. 
1993; Harper et al. 1993; Xiong et al. 1993a; Noda et al. 
1994; Toyoshima and Hunter 1994). These are the first 
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plS: Genomic AATAGTTACGGTCGGAGGCCGATCCASSLSGS 



pl4 : Genomic AACCGTTTCGGGAGGCGCGCGATCCAGaiCTG . . 
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Figuie 7. Chiomosomal location and ge- 
nomic stmcture of p28. \A) A biotin-la- 
beled pl8 genomic clone maps to hvunan 
chromosome 1 (green). The G/Q banding 
pattern was generated with the DNA 
counterstain DAPI (blue). (B) Six different 
chromosomes 1, at a higher magnification, 
showing hybridization of pl8 to lp32. |C) 
An ideogram of chromosome 1. The bar 
\right] represents the range of plB signals. 
(£)| An intron interrupts pl4, pl6, and pl8 
at the same position. Partial genomic 
structures for pl4, pl6, and pl8 were de- 
termined by DNA sequencing and com- 
parison with their cDNA sequences. In- 
tions interrupt the coding regions of pl4 at 
a position corresponding to nucleotide 477 
(Big. 2A), pi 6 at a position corresponding 
to nucleotide 144 (Serrano et al. 1993), and 
pl8 at a position 222 (Fig. 2B|. 



examples of results showing that growth suppression by 
a cyclin-CDK inhibitor is cell-line specific and may be 
pRb dependent. They provide further in vivo support for 
the conclusion that pl6 and pl8 only interact specifi- 
cally with CDK4 and CDK6 but not with other CDKs 
because no effect was observed when they were overex- 
pressed in pRb-deficient Saos-2 cells. 

Discussion 

In mammalian cells the number of small cell-cycle reg- 
ulatory proteins identified by virtue of their abihty to 
interact physically with cyclin or CDK proteins is in- 
creasing rapidly. The sequence similarity between two of 
these previously identified CDK-associated proteins, p21 
and p27, defines a family of CDK inhibitors (Polyak et al. 
1994a; Toyoshima and Hunter 1994). In this report we 
characterized two novel genes encoding CDK4- and 
CDK6-specific inhibitors, pi 8 and pl4. The sequence, 
functional, and evolutionary similarities among pi 8, 
pl6, and pl4 define a second family of CDK inhibitors 



that were evolved from a common ancestor. Our in vivo 
analysis of CDK4- and CDK6-associated proteins re- 
vealed at least two additional proteins, pl5 and p20, that 
share functional or antigenic similarity with pl6 and 
pi 8, further indicating that a potentially large number of 
small cyclin- and/or CDK-associated proteins, yet to be 
identified, are present in cells. 

pl4, pl6, and pi 8 do not share any detectable sequence 
similarity with p21 and p27. In addition, the two fami- 
lies of CDK inhibitors exhibit two substantially different 
properties. First, with differing affinities, both p21 and 
p27 (p21 in particular) can interact with and inhibit the 
activity of a wide range of CDKs (Gu et al. 1993; Harper 
et al. 1993; Xiong et al. 1993ai Zhang et al. 1993; Polyak 
et al. 1994a; Slingerland et al. 1994; Toyoshima and 
Hunter 1994), whereas pl4, pl6, and pl8 (potentially pl5 
and p20 as well) only interact with the D-type CDKs, 
CDK4 and CDK6 (Figs. 1,3, and 4; Serrano et al. 1993; 
Xiong et al. 1993b, Hannon and Beach 1994). CDK4 and 
CDK6 are related most closely to each other and form a 
distinct sub-branch within the CDK family (Meyerson et 
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Table 1. ItiMbition of cell growth by pl8 correlates with 
pRb status 

Growth suppression by pl8 and pI6 



average number of 
G418-resistant colonies 



Recipient 
cells 


transfected 
DNA 


1 


2 


3 


U-2 0S|Rb + / + | 


pCMV-pl8 


3 


2 


11 




pCMV-pl8AS 


41 


68 


62 




pCMV-pl6 


2 


5 


9 




pCMV-pl6AS 


45 


36 


44 




pcDNA3 


N.D. 


N.D. 


54 


Saos-2(Rb-/-) 


pCMV-pl8 


86 


N.D. 


71 




pCMV-pl8AS 


82 


N.D. 


74 




pCMV-pl6 


80 


45 


67 




pCMV-pl6AS 


83 


39 


74 




pcDNA3 


N.D. 


N.D. 


69 



A colony formation assay was employed to test growth suppres- 
sion by pis. The full-length coding region of pi 8, as well as that 
of pi 6, was placed under the control of a strong promoter of 
CMV that also carries a neo gene in both the sense and antisense 
orientations, and the resultant plasmids, pCMV-pl8, pCMV- 
pl8AS, pCMV-pl6, and pCMV-pl6AS, were transfected into 
human U-2 OS and Saos-2 osteosarcoma cells. Although an ap- 
parently normal plOS'"'^'' protein was readily detectable in U-2 
OS cells, it was not detected in Saos-2 cells— presumably be- 
cause of a deletion in exons 21-27 of the RBI gene (Shew et al. 
1990). The biological effect of ectopic expression of pl8 and pl6 
was measured by scoring of the number of C418-resistant col- 
oiues after 3 weeks of culturing of the transfected cells in a 
media supplemented with G418, and comparison with the 
number of G418-resistant colonies obtained from a parallel 
transfection with parental vector plasmid |pcDNA3) or a plas- 
mid expressing antisense pl8 (pCMV-pl8AS) and pI6 (pCMV- 
pl6AS). |N.D.) Not determined. 



al. 1992). Second, whereas p21 (Harper et al. 1993, Xiong 
et al. 1993a; Zhang et al. 1994) and p27 (Fiipo et al. 1994; 
Hengst et al. 1994; Polyak et al. 1994a) inhibit the activ- 
ity of a CDK by forming a ternary complex that may 
actually stabiUze the association of the regulatory cyclin 
and the catalytic CDK, pl4, pl6, and pl8 were only de- 
tected in association with CDKs (4 and 6), but not with 
cyclins, and, conversely, no cyclin protein was seen in 
pl6 and pl8 complexes (Fig. 1; Serrano et al. 1993; Xiong 
et ai. 1993b; Hannon and Beach 1994). These observa- 
tions suggest that pl4, pl6, and pl8 may inhibit the ki- 
nase activities of CDK4 and CDK6 by forming a binary 
complex with the CDK catalytic subunit and disrupting 
the cyclin D-CDK association (Fig. 8A). Identification of 
these two famiUes of CDK inhibitors raises the intrigu- 
mg possibiUty that additional families may exist that 
bind preferentially to other catalytic CDK subunits, or 
that can form a binary complex with the regulatory cy- 
clin subunit (e.g., cyclin A-associated pl9; Xiong et al. 
1993b), disrupting the cyclin-CDK association. 

The growth-inhibitory function of pRb is down-regu- 
lated by cell cycle-dependent phosphorylations that are 



likely to be catalyzed by cyclin-dependent kinases (for a 
review, see Ewen 1994). D-type cyclins and their associ- 
ated kinases (primarily CDK4 and CDK6) have been 
strongly impHcated as physiological pRb kinases (Dowdy 
et al. 1993; Ewen et al. 1993; Kato et al, 1993; Meyerson 
and Harlow 1994). As expected from theii common bio- 
chemical properties, inhibition of the kinase activity of 
CDK4 and CDK6 (Fig. 5; Serrano et al. 1993) and over- 
expression of pi 8 and pi 6 sipiificantly reduced cell 
growth as measured by a colony formation assay [Table 
1). It remains to be determined whether growth suppres- 
sion by pis and pl6 is attributable to cell. death or cell- 
cycle arrest. Strikingly, growth suppression by the ec- 
topic expression of pl8 and pl6 is cell-line specific. Al- 
though the oveiexpression of pl8 and pl6 failed to 



A 



B 




Figure 8. Mechanisms for CDK inhibition and growth suppres- 
sion by pi 4, pi 6, and pi 8. [A] Two families of cyclin-CDK 
inhibitors. p21 and p27 form ternary complexes with and inhibit 
the activity of most, if not all, cyclin-CDK enzymes. pl4, pl6, 
or pl8 binds to the catalytic subunit CDK4 or CDK6 to forai a 
binary complex and may dissociate the activating D-type cy- 
clin, thereby inactivating the kinase. (B) Dependence on pRb for 
growth suppression by pl4, pl6, and pl8. Hypophosphorylated 
pRb actively suppresses cell-cycle progression. The growth-sup- 
pressing activity of pRb may be inactivated in two ways: by 
mutation [as in Saos-2 cells) or by hyperphosphorylation. Inac- 
tivation of CDK4 and CDK6,by pl4, pl6, or pl8 prevents hy- 
perphosphorylation of pRb, maintaining the active growth-sup- 
pressing state. 
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produce appreciable numbers of G418-resistant colonies 
in U-2 OS cells, it had no detectable effect on the growth 
of Saos-2 cells (Table 1). Using HeLa cells that do not 
contain functional pRb as a result of the expression of 
type 18 papilloma viral E7 proteins, we obtained essen- 
tially the same results— that no growth suppression was 
observed in transfections with either plB or pl6 overex- 
pression plasmids (Y. Li and Y. Xiong, unpubl.). Al- 
though other differences between these cell lines could 
also contribute to the observed differences in growth 
suppression by plS and pi 6, our results can be explained 
most simply at this time by the difference in their pRb 
status. Although a normal plOS'"'^*' protein was readily 
detectable in U-2 OS cells, it was not detected in Saos-2 
cells— apparently because of a deletion in exons 21-27 of 
the RBI gene (Shew et al. 1990). Lacking functional pRb, 
and therefore being devoid of a functional target, over- 
expression of pl6 or pis and the resulting inhibition of 
CDK4 and CDK6 kinase activity is futile in Saos-2 cells 
(Table 1; Fig. SB). This model is supported by the obser- 
vation that high levels of pi 6 and pl8 are expressed and 
tolerated in cells lacking functional pRb and that pl6 
and pl8 only interact with and inhibit the activity of 
CDK4 and CDK6 (Figs. 3 and 4; Xiong et al. 1993b; Ser- 
rano et al. 1993; Li et al. 1994). The model is entirely 
consistent with the observations that DNA tumor virus 
oncoproteins or pRb mutations can relieve the require- 
ment of cells for cyclin Dl function in Gi (Lukas et al. 
1994, Tarn et al. 1994). It also suggests that pRb proteins 
are the critical, if not exclusive, in vivo targets of CDK4 
and CDK6. 

In summary, we have identified four new CDK4- and 
CDK6-associated small cellular proteins and isolated the 
gene encoding two of these proteins, pl8 and pl4. pI8 
interacts specifically with and inhibits the activity of 
CDK6. Ectopic expression of pl8 and pl6 suppresses cell 
growth in a maimer that appears to correlate with the 
existence of an endogenous wild-type pRb function. 
These results provide evidence in support of the hypoth- 
esis that CDK4 and CDK6 are physiological pRb kinases 
and suggest a potential mechanism by which members 
of the pl4/pl6/pl8 family mhibit cell growth (Fig. 8B), 
that is, inhibiting the activity of CDK6 and CDK4 ki- 
nases, thereby preventing the phosphorylation of pRb 
and keeping pRb in its active growth-suppressing state. 

Materials and methods 

CeU lines and cell cultme 

All cells were cultured in a 37°C' incubator with 5% COj. 
HaCaT is a cell line of spontaneously immortalized human ke- 
ratinocytes (Boukamp et al. 1988). These cells were cultured in 
Dulbecco's modified Eagle medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS). CEM is a human acute 
lymphoblastic leukemia cell line (ATCC CCL 119), which was 
cultured in RPMI-1640 supplemented with 10% FBS. 

Yeast two-bybiid screen 

For two-hybrid screening, the complete open reading frame o£ 
human CDK6 was inserted into pGBTS, a modified form of 



pGBTf (Battel et al. 1993). This vector directs the expression of 
a fusion between the DNA-binding domain (amino acids 1-147) 
of Gal4 and the entire CDK6 protein through a crippled ADH 
promoter as confirmed by Western blotting with an anti-CDK6 
antibody. pGBT-CDK6 plasmid DNA was cottansformed with 
a h uman HeLa cDNA library constructed in the vector 
pGADGH [LEU2 marker, Clontech, Inc., Palo Alto, CA) into 
Y190 yeast cells [MATa, gal4, galSO, Ms3, tipl-901, ade2-101, 
ma3-52, leu2-3,112, URA3::GAb-lacZ, LYS2::GAL-HIS3) by 
lithium acetate methods. Transformants were plated on yeast 
dropout medium lacking histidine, tryptophan, and leucine and 
containing 40 mM 3-aiiiino-l,2,4, tiiazole (3-AT). We estimated 
that -5x 10* tiansfoimants were screened. His* colonies were 
purified and tested for lacZ expression by p-galactosidase stain- 
ing. After retransf otmation into yeast cells to confirm their spe- 
cific interaction with CDK6, the library plasmids were recov- 
ered and analyzed by sequencing. 

Nucleic acid procedures 

Most molecular biology techniques were essentially the same 
as described by Sambrook et al. (1989). Phagemid vectors 
pUCl 18, pUCl 19, or pBlueScript were used as cloning vectors. 
DNA sequences were determined either by a chain-teimination 
method by use of a Sequenase kit (U.S. Biochemical, Cleveland, 
OH), or on an Automated Sequencing System (373A, Applied 
Biosystems). 

To isolate pl4/MTS2 cDNA clones, two oligonucleotide 
primers, a 5' primer (S'-AGGATCCATGGTGATGATGGG- 
CAGCGCCCGC-3') and a 3' primer (5'-GAAGCTTGGGTAA- 
GAAAATAAAGTCGTTG-3'), specific to MTS2 were designed 
on the basis of the previously published MTS2 genomic se- 
quence (Kamb et al. 1994a) and used in PGR amplification with 
template prepared from a human HeLa cDNA library (Strata- 
gene, La lolla, CA). A 319-bp fragment was amplified by these 
two primers, purified, and used as a probe to screen the same 
HeLa cDNA library for the full-length cDNA of pl4. 

To isolate a full-length cDNA of pl8, a HeLa cDNA library 
was screened with a probe derived from plasmid 6H10 obtained 
from two-hybrid screening. To isolate genomic clones contain- 
ing the pI8 gene, the same 1.6-kb DNA fragment containingplS 
cDNA derived from clone H19 was used as a probe to screen a 
human placenta genomic library cloned in K FIX II (Stratagene). 
Four positives were obtained and one clone, \pl8-Gl, was char- 
acterized further by subcloning and nucleotide sequencing. Af- 
ter confirmation of its identity by sequencing, Xpl8-Gl was 
used as a probe for the chiomosomal location of pI8 by the FISH 
technique. 

Poly(A)* RNA (2 (Lg) was isolated from different human tis- 
sues, resolved on a 1.2% agarose gel, and transferred to a nylon 
membrane (Clontech). A 1.6-kb DNA fragment containing the 
pl8-coding region, as well as 3'-untranslated sequences, was 
labeled by the random priming method and used as a probe for 
Northern hybridization. 

Chromosomal localization 

Phage DNA (map2 p-g), bearing an ~16-kb pi 8 insert, was nick 
translated with biotin-16-dUTP (Boehringer Maimheim, India- 
napolis, IN) and hybridized to human metaphase chromosomes 
as described (Lichter et al. 1990). Human Cot 1 DNA (GIBCO 
BRL, Gaithersburg, MD) was used as a repetitive sequence com- 
petitor. After hybridization overnight, the slides were washed in 
50% formamide/2x SSC at 37°C, followed by washes in 1 x SSC 
at 60°C. After detection with FTTC-conjugated avidin (Vector 
Laboratories, Burlingame, CA), the DNA counterstain DAPI 
was used to generate a G/Q-banding pattern on the chromo- 
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somes. Twenty-one metaphases were imaged by use of a cooled 
chaige-coupled device camera (Photometries), revealing exclu- 
sive hybridization to chromosome 1. The 16-bit source images 
were saved as normalized 8-bit gray scale data files by use of 
CCD image capture [Yale University, New Haven, CT.). Proper 
registration of the source images was accomphshed in two 
ways: by use of highly plane parallel bandpass filters (Ballard 
and Ward 1993), and with an excitation filter slider (CRG Elec- 
tronics), which selectively excites individual fluorochiomes 
that are viewed with a triple-bandpass emission filter (Chro- 
maTech). Equivalent results were obtained with both methods. 
Merging and 24-bit pseudocoloring were accomplished by use of 
Gene Join (Yale University) on an Apple Macintosh computer; 
color prints were produced by use of Adobe Photoshop 2.5.1 
(Adobe Systems) and a dye sublimation printer (Kodak). The 
cytogenetic location in band lp32, determined by use of DAFI 
banding, was confirmed by the averaging of FLpter measure- 
ments from five meuphase spreads (range 0.17-0.22; Lichter et 
al. 1990). 

Antibodies and immunodieniistzy procedures 
To produce anti-pl8 antibody, a 0.5-kb DNA fragment contain- 
ing the full-length coding region (168 amino acid residues) of 
human pi 8 was generated by PGR, subcloned into a T7 expres- 
sion vector, pET-3d (Studier et al. 1990), and introduced into the 
Escbeiicbia coU suain BL21(DE3). Subsequent procedures for 
the expression and purification of plS proteins and the produc- 
tion of rabbit polyclonal anti-pl8 antibody were as described 
previously for the production of anti-cydin Dl antibody (Xiong 
et al. 1991, 1992). 

With the exception of CDK6, all cyclin and CDK antibodies 
and the procedures for [^^Slmethionine metabolic labeling, im- 
munoprecipitation, and immtinoblotting have been described 
previously (Xiong et al. 1993bJ. Anti-CDK6 peptide antibodies 
used in this study were described and provided by Meyerson and 
Harlow (1994). 

Kinase assay 

To assay for inhibitory activity, pl8 protein was expressed in E. 
coli, as described above, and purified to near homogeneity 
(>95% purity; a detailed procedure for the pl8 protein purifi- 
cation vrill be described elsewhere; H. Ke and Y. Xiong, in prep.). 
To prepare substrates for cycIia-CDKs, a DNA fragment ccm- 
taining the carboxy-terminal 137 amino acid residues of pKB 
was generated by PCR and subcloned into pGEX-KG (Guan and 
Dixon 1991). The resultant GST-RB-carboxy-terminal fusion 
protein was purified and used as a substrate in the kinase activ- 
ity assay as described previously (Meyerson and Harlow 1994). 
To assay for the inhibitory activity of pi 8 on CDK6-cycUn D2 
(Fig. 5A), insect Sf9 cell lysates containing CDK6, cyclin D2, or 
their combination were prepared as described previously (Kato 
et al. 1993; Meyerson and Harlow 1994) and provided by Harper 
(Harper et al. 1993). Sf9 cell lysate (2 |j) containing CDK6 and 
cyclin D2 was mixed with 1 |i.l of purified pi 8 protein diluted 
with extraction buffer (50 niM Tris-HCl at pH 7.5, 50 mM NaCl, 
1 mM EDTA, 10% glycerol) for 15 min at room temperature. 
Twenty microliters of kinase assay buffer (50 mM HEPES at pH 
7.3, 10 mM MgQj, 5 mM MnClj, 1 mM DTT) was then added to 
the mixture and incubated further at room temperature for an 
additional 5 min. To assay for inhibitory activity on other cyclin 
and CDK enzymes (Fig. 5B), 1 (J of pl8 or p21 protein diluted 
with extraction buffer was incubated with an equal amount of 
OEM cell lysate (NP-40 lysis buffer; Xiong et al. 1993b) for 30 
min at 4°C prior to inununoprecipitation with antibodies spe- 
cific to CDC2, CDK2, and cyclin A. Immunoprecipitates were 



washed twice with lysis buffer and twice with kinase assay 
buffer. Protein A-agarose beads were resuspended in a final vol- 
ume of 30 (xl of kinase assay buffer. The kinase reaction vras 
started by addition of 1 (ig of purified GST-RB-carboxy-termi- 
nal protein, 5 \xyi cold ATP, and 10 M.Ci of (-y-^^PjATP and in- 
cubation for 30 min at 30°C. At the end of the reaction, 20 (il of 
2x SDS sample buffer was added, and the phosphorylated pro- 
teins were electrophoresed on 15% denaturing polyacrylamide 
gels. The gels were stained with Coomassie blue prior to auto- 
radiography. 

In vitro tianslation and in vitio-binding assay 
l^*S]Methionine-labeled CDKs were prepared in vitro with T7 
RNA polymerase by use of a TNT-coupled reticulocyte lysate 
system (Promega, Madison, WI). Prior to the binding assay, the 
amotmt of each in vitro-translated protein was normalized after 
electrophoresis on a 15% denaturing polyacrylamide gel and 
autoradiography (Fig. 3B, top). A DNA fragment containing the 
full-length pl8 was generated by PCR and subcloned into the 
pGEX-KG expression vector for the expression of GST-^)18 fu- 
sion protein. The fusion protein was purified with GST-agarose 
beads and washed three times with a large excess volume of 
binding buffer (the same as that used in immunoprecipitation). 
Equal amounts of GST or GST-pl8 proteins were mixed by 
rotation with each ^^S-labeled in vitro-translated CDK protein 
for 2 hr at 4°C. After three washes with the binding buffer, 
bound proteins were released by boiling in SDS sample buffer 
and electrophoresed on 1 5% denaturing polyacrylamide gels fol- 
lowed by autoradiography. 

Growth suppression assay 

To assay for growth suppression by pl8 and pl6, full-length 
coding regions of pl8 and pl6, both sense and antisense orien- 
tations, were placed under the control of a strong promoter of an 
immediate early gene of human CMV in a mammalian expres- 
sion vector, pcDNAS, that also carries the neomycin resistance 
gene rjeo (Invitrogen, San Diego, CA). The colony formation 
assay was carried out according to a previously described pro- 
cedure (Zhu et al. 1993). Briefly, both U-2 OS and Saos-2 cells 
were maintained in DMEM supplemented with 10% FBS and 
antibiotics. The cells were plated 1 day prior to transfection. 
Two micrograms of each of the resultant four plasmid DNAs, 
pCMV-pl8, pCMV-pl8AS, pCMV-pl6 and pCMV-pl6AS, 
were transfected with lipid reagents (Lipofectamine Reagent, 
GIBCO BRL) into the respective cells cultured in six-well dishes 
(40-60% confluence). Two days after transfection, the cells 
were split to a 9-cm plate at different dilutions and cultured in 
the same medium supplemented with 500 (ig^ml of G418 
(GIBCO BRL). The medium was changed every 4-5 days. Be- 
tween 2-3 weeks after being cultured in the G418-containing 
medium, G418-resistant cells were examined under the micro- 
scope and colonies were scored and averaged from two or three 
independent transfections. Only colonies with >50 cells were 
scored. A considerably higher number of G418-resistant colo- 
nies were consistently obtained from transfections with Saos-2 
cells than with U-2 OS cells, presumably because of a difference 
in transfection efficiency between these two cell lines. Conse- 
quently, colonies were scored from entire plates of U-2 OS cells 
and two randomly selected small areas (100 mm^) for Saos-2 
ceUs. 
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